In 575 women with 1-2 prior pregnancy losses; total cholesterol, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and triglycerides (TG) were evaluated preconception and throughout pregnancy to evaluate whether previously observed associations between third trimester maternal lipid profile and birthweight outcomes are driven by preconception lipids or lipid changes during pregnancy. Lipid trajectories were compared by pre-pregnancy body mass index (BMI) <25 or ≥25 kg/m 2 ; logistic regression models evaluated preconception lipid concentration and change from preconception to 28 weeks with adjusted odds of large-or small-for-gestational age (LGA or SGA) neonate by BMI group. Preconception lipid concentrations and gestational lipid trajectories varied by BMi group (p < 0.001). Preconception lipids were not associated with LGA or SGA in either group. A 10 mg/dL increase in HDL-C change from preconception to 28 weeks was associated with decreased odds of LGA (odds ratio (OR) = 0.63, 95% confidence interval (CI): 0.46, 0.86) and 10 mg/dL increase in TG change associated with increased odds of LGA (OR = 1.05, 95% CI: 1.01, 1.1) overall. for ≥25 BMI only, 10 mg/dL increase in HDL-C change was associated with decreased SGA odds (oR = 0.35, 95% CI: 0.19, 0.64). Gestational lipid trajectories differed by BMI group and were differentially associated with birthweight outcomes, with HDL-C more strongly associated with healthy birthweight in women with BMi ≥25.
Serum sample assessment.
Longitudinal samples of maternal serum were collected during the preconception baseline assessment, and at 4, 8, 12, 16, 20, 28, 36 and 40 weeks' gestation (+/− one week). Samples were immediately processed and stored in −80 °C freezers until assay. Concentrations of total cholesterol, HDL-C, and TG were measured directly from serum using the Roche COBAS 6000 chemistry analyzer (Roche Diagnostics, Indianapolis, IN, USA). LDL-C was calculated using the Friedewald formula 22 , which is the standard used to assess LDL-C values in clinical settings. Fasting status was self-reported at the time of serum collection. Hemoglobin A1C (HbA1c) was measured at baseline in whole blood using a non-porous ion Exchange High Performance Liquid Chromatography (HPLC) (Tosoh BioScience, Inc., San Francisco, CA and Tokyo, Japan) on the Tosoh Automated Analyzer HLC-723G8 (CV < 1.16%).
Lipid concentration changes during pregnancy were calculated as the difference in lipid concentration from preconception to 28 weeks: [lipid concentration at week 28 -lipid concentration at preconception visit]. The 28-week timepoint was chosen to capture change in lipid concentration from preconception to 'peak' concentration, which generally occurs in the third trimester 23 . Furthermore, utilization of the 28 weeks' gestation sample as our late pregnancy timepoint avoids potential bias introduced by preterm deliveries occurring prior to the 36-week measurement. A sensitivity analysis assessing change in HDL-C concentration from preconception to 20 weeks was conducted because HDL-C concentration peaks earlier in gestation than the other lipids 23 .
Birthweight outcomes. Birthweight was obtained from neonatal delivery chart abstraction. The primary outcomes were small-for-gestational age (SGA) and large-for-gestational age (LGA) neonate at birth, defined as less than 10 th percentile or greater than 90 th percentile birthweight, respectively, for neonatal sex and gestational age at delivery using a birthweight reference 24 . Birthweight z-score was derived as a secondary outcome.
Maternal characteristics. Maternal characteristics were assessed at baseline (preconception). Height, weight, waist circumference, and hip circumference were measured; BMI was calculated from measured height and weight at baseline. Total gestational weight gain was calculated using measured weight at the last visit before delivery (about 36 weeks gestation) and measured preconception weight at baseline. Demographic information, including maternal age, race, lifestyle habits, education level and income, was collected via questionnaire.
Statistical analysis. Women who became pregnant with a singleton gestation and delivered between 22
and 43 weeks (within range of the reference used to derive birthweight outcomes) were included. Gestational age was determined by an ultrasonogram conducted in early pregnancy (mean 6.9 weeks of gestation; standard deviation (SD) 1.1) for 97% of clinically confirmed pregnancies among women who completed the trial; for the remaining 3% pregnancies, gestational age was determined using menstrual cycle dating from home-based fertility monitors provided by the study. Participant demographic characteristics, preconception and third trimester (28 weeks gestation) lipid concentrations, and change in lipid concentration from preconception to third trimester were compared between women with underweight or normal weight pre-pregnancy BMI (<25 kg/m 2 ) and those with overweight or obese pre-pregnancy BMI (≥25 kg/m 2 ). Henceforth, these will be referenced as the <25 BMI and ≥25 BMI groups. Differences between BMI groups were evaluated using chi-square or one-way analysis of variance for categorical or continuous data, respectively. Distributions of the individual lipid components were approximately normal.
Longitudinal lipid measurements were used to estimate the individual lipid component trajectories for total cholesterol, LDL-C, HDL-C and TG, stratified by BMI group. Linear mixed models with cubic splines and three knot points (25 th , 50 th , and 75 th percentiles), chosen to evenly divide the gestational age distribution, were used to estimate population average trajectories for each component. For this trajectory analysis using linear mixed models, log-transformed lipid measurements were used to improve model fit. Overall differences in lipid component trajectories between the two BMI groups were tested using a likelihood-ratio test with significance at P < 0.05. Because the global tests were significant for each lipid component, weekly pairwise differences were tested using Wald tests for each week from preconception to 40 weeks gestation. Weekly pairwise tests were conducted on the estimated trajectories. Multiple imputation (m = 10) was used to address missing covariates for the adjusted weekly models. In a secondary analysis, the trajectory model was repeated using three BMI groups: <25, 25-30, and >30 kg/m 2 , to assess how changes in maternal lipid profile vary by overweight and obese BMI group.
Logistic regression estimated the odds of LGA or SGA neonate in relation to preconception lipid concentration or lipid concentration change from preconception to 28 weeks, with individual lipids modeled independently per 10 mg/dL increase. Odds of LGA or SGA in relation to lipid concentration at 28 weeks was assessed separately to put findings in the context of the literature. As a secondary outcome, generalized linear models estimated the association between lipid concentration or lipid concentration change and birthweight z-score. Because cardiometabolic health could manifest as abnormally high or low lipid concentrations, preconception lipid concentrations were also tested for a potential non-linear association using restricted cubic splines.
Due to previously demonstrated differences in lipid profiles and birthweight outcomes by BMI group, all analyses were tested for effect modification by BMI group (<25 v. ≥25), using α = 0.20 as the threshold for significance 25 . All models were adjusted for the following characteristics, identified a priori based on biologic plausibility and previous studies: maternal age, race, education level, cigarette and alcohol use in the year prior to conception, pre-pregnancy BMI, fasting status at baseline serum collection, and total cholesterol (except those models with total cholesterol as the exposure). For models assessing change in lipid concentration, total cholesterol was replaced by average total cholesterol for the two visits. Because fasting status was not consistent longitudinally, comparison of lipid trajectories was not adjusted for fasting. For logistic regression and generalized linear models assessing birthweight outcomes in relation to change in lipid concentration, only fasting status at preconception serum collection was included as a covariate because 94.4% of subjects reported non-fasting at the 28-week serum collection. Race was excluded from the LGA logistic regression models stratified by BMI and limited to the <25 BMI group because there were no non-white women in this cohort with BMI <25 and LGA neonate. In a sensitivity analysis, regression models were repeated with the addition of parity and preconception HbA1c as covariates.
Multiple imputation (m = 10) was used for all logistic regression analyses and generalized linear models to address missing covariates and lipid measurements. Individual lipid concentrations were imputed in independent models to avoid potential issues with collinearity, and all covariates and outcomes were included in the imputation models. Because birthweight outcomes are conditional on achieving pregnancy through 22 weeks, inverse probability weights were used in all logistic regression models to account for potential selection bias 26 .
All analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, North Carolina) or R (version 3.4.4).
Results
Of 1,228 women enrolled in the study, 732 participants achieved an ultrasound confirmed pregnancy. Among these 732 gravidas, 7 were excluded on the basis or twin or other multiple gestation, 125 experienced a clinical loss, 8 withdrew from the trial, and 7 were missing data on gestational age at delivery or birthweight, for a total of 585 women who achieved a singleton pregnancy and delivered with gestational age and birthweight data available and 581 who delivered at a gestational age within range of the birthweight reference (22-43 weeks) used to derive outcomes. After excluding participants with missing data on pre-pregnancy BMI, there were a total of 575 gravidas included in the analyses. Of the 575 births, 62 (10.8%) were classified as LGA and 41 (7.1%) classified as SGA. More women in the ≥25 BMI group had LGA neonates (14.6%) than in the <25 BMI group (8.0%), whereas the incidence of SGA neonate was comparable for both groups (6.7% ≥25 BMI and 7.5% <25 BMI). Mean gestational age at delivery was 38w6d (SD, 1w4d), mean birthweight 3338 g (SD, 498 g), and mean birthweight z-score 0.14 (SD, 0.93). All individuals delivered after 28 weeks, the latest timepoint from which lipid measurements were used in analysis.
Among women in the <25 BMI group, 17 had underweight preconception BMI (BMI <18.5), and 318 had normal weight BMI (BMI 18.5-25). Among women in the ≥25 BMI group, 136 had overweight preconception BMI (BMI 25-30), and 104 had obese BMI (BMI >30). Women in the ≥25 BMI group were more likely to have higher preconception HbA1c and lower gestational weight gain, were less likely to have education beyond high school, and were more likely to report fasting at blood draw (Table 1 ). Lipid trajectories varied by BMI group <25 and ≥25 (P < 0.001 for all, Fig. 1 ), and by BMI group <25, 25-30, and >30 (P < 0.001 for all, see Supplementary  Fig. S1 ). Lipid trajectory analyses showed that the 25-30 and >30 groups follow a similar pattern of deviance from the <25 group, with a slightly greater magnitude of deviance for the >30 group (see Supplementary Fig. S1 ). Lipid concentrations and changes during pregnancy by BMI group are presented in Table 2 . Women in the ≥25 BMI group had higher mean concentrations of total cholesterol, LDL-C, and TG and lower mean concentration of HDL-C at preconception compared with the <25 BMI group (pairwise p < 0.001 for all). Although the ≥25 BMI group exhibited more pronounced changes in HDL-C from preconception to 28 weeks, mean HDL-C was lower in the ≥25 BMI group compared to <25 BMI at 28 weeks (pairwise p < 0.001), consistent with preconception. The ≥25 BMI group exhibited less pronounced changes in other lipids from preconception to 28 weeks. Mean TG concentration was higher in the ≥25 BMI group at 28 weeks (pairwise p = 0.002), consistent with preconception comparison between groups. In contrast, mean LDL-C and total cholesterol concentrations in the <25 BMI group surpassed ≥25 BMI group concentrations, with statistically significantly higher concentrations in the <25 BMI group starting at 25 weeks (LDL-C, pairwise p = 0.04) or 26 weeks (total cholesterol, pairwise p = 0.04) which remained higher through the end of gestation. preconception lipids in relation to birthweight outcomes. There were no associations between preconception lipid concentrations and odds of LGA or SGA neonate in the fully adjusted models (Fig. 2 ). There was a potential U-shaped relationship between preconception LDL-C and birthweight z-score (test for curvature [significance indicates evidence of non-linearity], p < 0.001; overall significance of the curve [significance indicates an overall association between lipids and birthweight outcomes], p = 0.003) and HDL-C (test for curvature, p = 0.021; overall significance of the curve, p = 0.098) in the ≥25 BMI group only, with both high and low preconception concentrations of HDL-C and LDL-C associated with increased birthweight z-score although the estimates were imprecise at the extremes ( Fig. 3 ). Effect modification by BMI group was observed in at least one birthweight outcome regression model for all lipids except TGs, so results are presented both overall and stratified by BMI group for all lipids, with significant interactions (P < 0.20) denoted (Figs. [2] [3] [4] .
Lipids changes during pregnancy in relation to birthweight outcomes. Changes in lipid concen-
tration during pregnancy in relation to birthweight outcomes are presented in Fig. 4 . A 10 mg/dL increase in HDL-C concentration change from preconception to 28 weeks was associated with 37% decreased odds of LGA neonate overall (odds ratio (OR) = 0.63, 95% confidence interval (CI): 0.46, 0.86). A 10 mg/dL increase in TG concentration change from preconception to 28 weeks was associated with 5% increased odds of LGA overall (OR = 1.05, 95% CI: 1.01, 1.1). Effect modification by BMI group was not observed for lipid concentration changes from preconception to 28 weeks, except for HDL-C change from preconception to 28 weeks and odds of SGA: a 10 mg/dL increase in change in HDL-C concentration from preconception to 28 weeks was associated with 38% decreased odds of SGA in the ≥25 BMI group (OR = 0.62, 95% CI: 0.33, 1.15) but not in the <25 BMI group (OR = 1.26, 95% CI: 0.85, 1.87). Cross-sectional HDL-C and TG concentration at 28 weeks followed the same association with LGA and SGA as change in lipid concentration, with increased odds of LGA associated with lower HDL-C or higher TG concentration at 28 weeks, and decreased odds of SGA associated with higher HDL-C concentration at 28 weeks in the ≥25 BMI group only (data not shown). The associations between change in lipid concentration from preconception to 28 weeks and deviation from mean birthweight z-score concurred with associations with LGA, with greater HDL-C change associated with lower birthweight z-score and greater TG change with higher birthweight z-score in the overall cohort ( Fig. 4) .
In a sensitivity analysis repeating the main analysis with change in HDL-C from preconception to 20 weeks (around the time during gestation when HDL-C concentrations peak), effect modification by BMI group was again observed. Associations between HDL-C change to 20 weeks and birthweight outcomes were similar to associations with HDL-C change to 28 weeks, with stronger associations between HDL-C and risk of SGA in the ≥25 BMI group at 20 weeks compared to 28 weeks. A 10 mg/dL increase in HDL-C concentration change from preconception to 20 weeks was associated with 65% decreased odds of SGA neonate at delivery in the ≥25 BMI group (OR = 0.35, 95% CI: 0.19, 0.64) but not in the <25 BMI group (OR = 1.14, 95% CI: 0.75, 1.75). The association between HDL-C and decreased odds of SGA in the ≥25 BMI group was also observed for cross-sectional www.nature.com/scientificreports www.nature.com/scientificreports/ HDL-C concentration at 20 weeks (OR = 0.63, 95% CI: 0.40, 0.98). Results were similar with the addition of parity and preconception HbA1c to the regression models.
Discussion
Maternal preconception lipid profile and lipid changes from preconception throughout pregnancy differed by maternal BMI. Preconception lipid concentrations were not associated with odds of LGA or SGA, although we observed a potential U-shaped relationship between preconception HDL-C and LDL-C concentrations and birthweight z-score in women with overweight or obese BMI. Change in lipid concentration during pregnancy was associated with birthweight outcomes, particularly a more pronounced increase in HDL-C, which was associated with decreased odds of LGA overall and decreased odds of SGA for women with overweight or obese BMI. Our findings indicate that lipid changes from preconception to late pregnancy are associated with birthweight outcomes, with more pronounced change in HDL-C associated with more favorable outcomes. The novel finding that changes in lipid concentration from preconception to second and third trimester differed by BMI group and were differentially associated with birthweight outcomes adds to the understanding of how lipid metabolism during pregnancy differs by maternal BMI and contributes to fetal growth.
The observed difference in lipid trajectories by BMI group are generally consistent with previous studies for total cholesterol, LDL-C, and TG changes, although others did not find differences in HDL-C change by BMI group whereas we observed more pronounced changes in HDL-C for women with pre-pregnancy BMI ≥25 16, 17 . Differences could be due to the larger sample size in the present study, or because our analysis captured previously unexplored early HDL-C changes by including preconception samples. Lipid trajectory analyses with further Preconception lipid concentrations were not associated with risk of SGA or LGA, consistent with the few previous studies on preconception lipids, which found no significant association with birthweight outcomes 18, 19 . However, we observed a potential U-shaped relationship between birthweight z-score and LDL-C and HDL-C concentrations in women with overweight or obese pre-pregnancy BMI, which may indicate that preconception lipids at either extreme predict altered fetal growth and birthweight. One of the prior studies tested for a non-linear relationship and observed no association; this discrepancy may be due to differences in study populations, since the other was a non-United States cohort of subjects with only 14% of participants having BMI ≥25, limiting generalizability to the more diverse range of pre-pregnancy BMI in the United States population. The observed U-shaped relationships are biologically plausible, as similar U-shaped relationships between lipid concentrations and morbidity; including risk of dementia, immune function, and cardiovascular outcomes; have been described in epidemiologic studies of non-pregnant populations [27] [28] [29] .
Lipid changes from preconception to mid-to late-pregnancy were also associated with birthweight outcomes, and these findings are somewhat difficult to put into context with prior data since most studies only evaluated lipid concentrations at a cross-sectional time points during pregnancy. In our study, associations between cross-sectional lipid concentrations at 28 weeks and birthweight outcomes followed the same pattern as our examination of the change in lipids from preconception to 28 weeks' gestation, suggesting that cross-sectional lipid concentrations evaluated in prior studies are likely more reflective of changes during pregnancy rather than preconception lipid profile. In our analysis, high HDL-C concentration in late pregnancy was strongly associated with decreased risk of LGA birth and decreased birthweight for gestational age, consistent with previous findings [9] [10] [11] [12] 14 . When stratified by BMI group, some prior studies found a significant association only in gravidas with a pre-pregnancy BMI ≥25 9,11 , while others found an association in both BMI groups but with attenuated risk in women with BMI <25. High TG concentration in late pregnancy was associated with increased risk of LGA birth in the ≥25 BMI group, although the confidence interval was close to unity and should be interpreted with caution. Our findings indicate that low HDL-C and high TG concentrations are associated with increased risk of LGA regardless of pre-pregnancy BMI, and add the novel observation that it is the change in lipid concentration from preconception to 28 weeks that was strongly associated with birthweight outcomes, which had not been previously explored.
Interestingly, we found decreased odds of SGA neonate with a greater change in HDL-C from preconception to 20 weeks and preconception to 28 weeks in the ≥25 BMI group only. The association was strongest with change from preconception to 20 weeks, which is the time of HDL-C concentration peak during gestation. In contrast to Table 2 . Maternal lipid concentrations and gestational change in lipid concentrations by BMI group. Maternal lipid concentrations at preconception, at 28 weeks gestation, and the calculated change in lipid concentration from preconception to 28 weeks are presented for the overall cohort and by BMI group (<25 v. ≥25 kg/m 2 ), limited to n = 575 women with singleton birth between 22-43 weeks gestation and birthweight and maternal preconception BMI available. Mean (SD) presented for all lipids. P value for significant difference in lipid concentration or lipid change by BMI group (one-way ANOVA) is presented. BMI, body mass index; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol. a Missing lipid values, preconception: Total cholesterol and triglyceride, n = 9 overall, n = 4 BMI <25, n = 5 BMI ≥25; LDL-C, n = 16 overall, n = 7 BMI <25, n = 9 BMI ≥25; HDL-C, n = 13 overall, n = 7 BMI <25, n = 6 BMI ≥25; b Missing lipid values, 28 weeks, for all lipids: n = 38 overall, n = 23 BMI <25, n = 15 BMI ≥25. c Missing HDL-C values, 20 weeks: n = 36 overall, n = 23 BMI <25, n = 13 BMI ≥25.
www.nature.com/scientificreports www.nature.com/scientificreports/ . All models adjusted for: maternal age, race, education level, preconception smoking and alcohol habits, preconception BMI, total cholesterol (excluding total cholesterol models), and fasting status at preconception serum collection. our results, four prospective cohort studies found no association between maternal lipid profile in the second and third trimesters and risk of SGA neonate 14, [30] [31] [32] , though two retrospective studies observed higher second or third trimester HDL-C concentrations in pregnancies complicated by SGA 33, 34 . None of these prior studies presented results by BMI group or evaluation of lipid changes from preconception to second trimester, however, which could explain why ours is the first study to report an association between more pronounced HDL-C change over this time period and decreased risk of SGA in women with BMI ≥25. It is plausible that the change in HDL-C from preconception to mid-to late-pregnancy represents a metabolic adaptation that is supportive of optimal fetal growth that cannot be captured by cross-sectional measures in pregnancy.
The association between greater HDL-C change during gestation and decreased risk of both LGA and SGA could be explained by HDL-C's dual functionality in regulating inflammation and maintaining cholesterol homeostasis. For example, higher HDL-C concentration during gestation is associated with decreased risk of preeclampsia and preterm birth, most likely due to the association between HDL-C and decreased inflammation, which would improve fetal-placental circulation 35, 36 . Obesity is characterized by increased inflammation and poor vascular adaptation to pregnancy 37, 38 , which could explain why HDL's association with decreased risk of SGA in the present study was in the ≥25 BMI group only. Regarding cholesterol homeostasis, HDL-C is involved in the removal and transport of cholesterol from cells to the liver in non-pregnant individuals 39 , and through this mechanism could help prevent fetal overgrowth under conditions of excessive cholesterol during pregnancy. ≥25 kg/m 2 ). All models adjusted for: maternal age, race, education level, preconception smoking and alcohol habits, preconception BMI, average total cholesterol of preconception and 28-week visit (excluding total cholesterol models), and fasting status at preconception serum collection.
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(2020) 10:1374 | https://doi.org/10.1038/s41598-019-57373-z www.nature.com/scientificreports www.nature.com/scientificreports/ Although the EAGeR cohort provided a relatively large sample with diverse pre-pregnancy BMI, the study was limited in terms of diversity in maternal race and ethnicity, cigarette use, education level, and age. The cohort size limited our ability to further stratify the ≥25 BMI group for regression models. In addition, all women included in the trial had experienced a prior pregnancy loss. Thus, generalizability may be limited. Furthermore, women in the cohort had relatively healthy mean preconception lipid concentrations, potentially limiting the ability to detect birthweight outcomes in association with more extreme preconception dyslipidemia. Our analysis of maternal lipids was limited to current technology widely available in clinical practice, which only captures major lipoprotein and lipid concentrations, while emerging evidence has demonstrated that the sub-fractions and density, particularly of HDL-C and LDL-C, are key factors in lipid functionality and physiologic effects.
The major strength of our study is the novel addition of changes in lipid concentration from preconception to late pregnancy in association with birthweight outcomes. The availability of longitudinal measures of lipid concentration during pregnancy allowed us to target changes from preconception to lipid concentration peak during gestation. The diversity of pre-pregnancy BMI and relatively large sample size allowed for the investigation of effect modification by BMI, which revealed that HDL-C may have a stronger effect on risk of SGA in women with BMI ≥25, possibly due to the inflammatory state associated with increased adiposity during gestation.
conclusion
Changes in lipid concentration from preconception to third trimester were associated with birthweight outcomes, primarily HDL-C, for which a greater rise during pregnancy was associated with decreased odds of LGA overall and decreased odds of SGA in gravidas with overweight or obese pre-pregnancy BMI. Birthweight outcomes were not strongly associated with preconception lipid profile, suggesting that the association between abnormal lipid concentrations during pregnancy and unhealthy birthweight outcomes is reflective of poor maternal adaptation to pregnancy. This study was limited to women with 1-2 prior pregnancy losses who were trying to achieve pregnancy; therefore generalizability to a broader population may be limited. Additional studies should help elucidate the mechanisms linking overweight and obese pre-pregnancy BMI with lipid changes during gestation and fetal growth and may offer insight for intervention to prevent low and high birthweight and associated adverse outcomes.
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